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ABSTRACT 
The nuclear core of High Temperature Gas Reactor(HTGR) 
with pebble bed type has been investigated intensively due to its 
benefits in management, but its complicated flow geometry 
requested the reliable analytical method. Recent studies have 
been made using the three dimensional computational methods 
but they need to be evaluated with the experimental data. Due to 
the complicated and narrow flow channel, the intrusive methods 
of flow measurement are not proper in the study. In the present 
study, we developed a wind tunnel for the pebble bed geometry 
in the structure of Face Centered Cubic(FCC) and measure the 
flow field using the Particle Image Velocimetry(PIV) directly. 
Due to the limitation of the image harnessing speed and 
accessibility of the light for particle identification, the system is 
scaled up to reduce the mean flow velocity by keeping the same 
Reynolds number of the HTGR. The velocity fields are 
successfully determined to identify the stagnation points 
suspected to produce hot spots on the surface of the pebble. It is 
expected that the present data is useful to evaluate the three 
dimensional Computational Fluid Dynamics(CFD) analysis. 
Furthermore, It would provide an insight of experimental 
method if the present results are compared by those of scaled 




Pebble Bed Reactor(PBR) is one of type of Very High 
Temperature Reactor(VHTR) for Gen-IV reactor core[1]. High 
Temperature Reactor(HTR) is known to have inherent safety 
and the inherent safety can be explained by passive concept. The 
first passive safety system concept was proposed by Lohnert and 
Reulter[2]. In PBR, the triso-coated fuel particles cause fission 
in graphite pebble. Such reaction in pebble has low power 
density and the reactor core is designed to have a maximum fuel 
element temperature is under 1600oC during any accident. 
Despite these characteristics, in the view of nuclear safety, it’s 
not acceptable that monitoring or exact prediction is not dings.asmedigitalcollection.asme.org on 07/01/2019 Terms of Use 
necessary, because of the inherent safety of PBR. The heat 
transfer in the reactor, the maximum fuel temperature and the 
location must be predicted. Therefore, the flow field analysis in 
the reactor is needed and especially the local flow field analysis 
is important for the accident prediction. Such a need for the 
local flow field analysis is referred by many other researchers. 
In computational analysis, it is not practical to create mesh for 
the total flow field, so, computer simulation can only cover the 
part of flow field. If someone increases calculating power of 
computer and simulates the total flow field, the simulation result 
still must be verified with local experiment result. Like this, 
there are much necessity of local analysis, however, the critical 
investigation is not enough and the experiment data is not 
sufficient. This is due to the complication of HTGR geometry. 
HTGR has hundreds of thousand pebbles inside the reactor and 
those pebbles are stacked with very complicated geometry. This 
geometry makes difficult to measure the local flow field in 
narrow gaps between pebbles. In the study of Lee et al.[3], flow 
field measurement was taken in 2-dimensional wind tunnel by 
Hot-wire system. Hassan[4] measured local velocity field with 
Particle Tracking Velocimetry(PTV), in small sized packed bed 
using refractive index matching liquid. In spite of those efforts, 
it is still hard to say that the local flow field analysis is 
completely understood experimentally. Therefore, in this study, 
we have focused on the experimental result. Based on the 
previous researchers’ measurement methods, we designed the 
experiment system to be more reasonable. Wind tunnel was built 
and 3-dimentional pebble bed test section was equipped. The 
PIV was developed to measure the velocity field without 
interruption in the very narrow flow channel between the 
pebbles. 
 
2. DIMENSIONAL ANAYSIS 
 
Although the pioneering study of Hassan[4] employed the 
scaled down the 60mm diameter pebble to approximately 6mm 
diameter pebble in the liquid medium, as in the present study we 
adopted the scaled up the 60mm diameter pebble to 120mm 1 Copyright © 2008 by ASME 
: http://www.asme.org/about-asme/terms-of-use
Downlodiameter pebble in the gas medium. The key scaling parameter 
is determined as the Reynolds number and the physical 
properties such as the density and viscosity is calculated from 
the real HTGR condition (See Table 1) to the room temperature 
and atmospheric pressure.  
 
Table 1 Specification of PBMR-250MWth 
 
Thermal Power 250 MWth 
Core Height / Diameter 9.0 / 3.7 m 
Helium Inlet / Outlet temperature 500 / 900 oC 
Total Inlet Mass Flow Rate 120 Kg/s 
Primary System Pressure  8.5 MPa 
Pebble Bed Packing Fraction 61 % 
Number of Fuel Pebble 380000 EA 
Number of Graphite Pebble 150000 EA 
Helium Gas Density 5.36 Kg/m3 
Helium Gas Viscosity 3.69×10-5 N·s/m2 
 
By applying those values in Table 1, the velocity of the air 
can be determined as: 
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In Equation 1, the exact value of Dh is not important because the 
Dh varies along the location, and we just use the ratio of Dh(He) 
and Dh(Air). In the case of same size pebble as 60mm diameter, 
the Dh(He) and Dh(Air) is same, and in the double sized case, the 
ratio of Dh(He) : Dh(Air) is 1 : 2. Helium gas inlet speed is 
calculated as 2.48m/s with the density, mass-flow-rate, core-
diameter of Table 1. By applying the result to Equation 1, we 
can obtain the air inlet velocity as 5.4m/s. If pebble size is 
doubled, the air inlet velocity can be 2.7m/s by the relation of 
effective diameter and velocity in Reynolds number. The result 
of similarity research is shown in Table 2. 
 
Table 2 Result of dimensional analysis 
 
Gas Air 
Pressure 0.1 MPa 
Temperature 25 oC 
Density 1.20 Kg/m3 
Viscosity 1.80×10-5 N·s/m2 




3.1 Wind Tunnel Design 
   An open circuit wind tunnel is designed and constructed in 
the study to equip the pebbles in the Face-Centered Cubic(FCC) 
way.  It has the contraction, settling chamber, and diffusers for 
the uniform wind blowing as shown in Figure 1. The wind 
tunnel system is constructed with 1.97m wind tunnel part and 
22m of ventilation part. The maximum velocity is 23m/s in test  
aded From: https://proceedings.asmedigitalcollection.asme.org on 07/01/2019 Terms of Ussection without pebble bed and 5.85m/s with the pebble bed test 
section. Wind tunnel was tested to confirm the uniformity of 
flow with Dwyer-Instrument Series 477 Digital Manometer and 
the maximum nonuniformity was 2.49%. 
 
 
Fig. 1 Wind tunnel design 
 
3.2 Pebble Bed Test Section 
 
Pebble bed test section consists of 170×170× 505(mm) duct 
and FCC stack geometry pebble bed model as shown in Figure 
2. Transparent acryl spheres were used for the pebble bed 
model. Two holes for watching inside pebble bed stacks and 
beam projection were made on the test section wall as Figure 
3(b). After pebble bed stacks installation in the wind tunnel, in 
order to check the air flow, we measured the outlet velocity once 
again with Lutron YK-2004AH(Hot-wire-anemometer) and 
verified the flow velocity is almost same as inlet. 
 
            
      (a) Test section            (b) Pebble stack geometry  
Fig. 2 Pebble bed test section geometry 
 
3.3 PIV Equipment setting 
 
We have developed PIV of less than 5% error. The test 
pictures and comparison data were taken from Okamoto et 
al.[6]. The PIV system is supported by the high speed camera 
and high power light source. In the present study, we made 1mm 
slit beam source with 14 Power-LEDs(3W / 615-635nm) 
connected  module. High speed camera is Photron FASTCAM 2 Copyright © 2008 by ASME 
e: http://www.asme.org/about-asme/terms-of-use
DownloUltima-512. It can take a picture of 4000frame/s with 512×256 
resolution or 8000frame/s with 512×128 resolution. The PIV 





















        (a) PIV system              (c) Beam screen 
 
Fig. 3 Particle Image Velocimetry(PIV) system 
 
4. RESULTS AND ANALYSIS 
 
4.1 Velocity analysis near pebble surface 
 
Velocity field measurement has to be carried out with 
2.7m/s inlet speed, but the inlet speed was a half level as 1.3m/s 
because of limited ability of present measurement equipment. 
Table 3 shows the condition of velocity measurement. 
 
Table 3 Velocity measurement condition 
 
Inlet Velocity 1.3 m/s 
Shutter Speed 1/8000 s 
Frame per second 4000 fps 
Image Resolution 256×512 pixel×pixel 
Test Section Size 38.5×77 mm2 
 
Figure 4 shows the average velocity field with 40 images within 
0.01 second using PIV algorithm. Velocity graph at 1.5mm away 
from the pebble surface is presented in Figure 5. When 
analyzing the flow pattern along the points in Figure 4 and 5, 
velocity increases from 1, then decreases at 5 rapidly and 
increases again from 6 to 13. The 1.0m/s velocity point on 1 is 
the error caused by the boundary limitation of PIV system and it 
was eliminated in Figure 4. The velocity rapidly decreases at 14 
and reaches very low level at 15. After this point, flow is getting 
faster and loses the speed at 19. The velocity difference between 
point 5 and 15 is caused by the contact point. Before the contact 
point, the vortex is not found, but after the point, vortex makes 
the stagnation region. This low speed region is also found in the  
aded From: https://proceedings.asmedigitalcollection.asme.org on 07/01/2019 Terms of Usesimulation result of Lee[3]. In this observation we can easily 
identify the suspected points as the stagnation points. Also, we 
can see the effect of the contacting point of the pebbles and the 
effect of the back flow between the points of 18 and 19. As 
considering that the cooling efficiency is proportional to the 
flow velocity, pebble surface temperature will be highest at the 








Fig. 5 Velocity 1.5mm near the pebble surface 
 
We found some flow oscillation in the gap as noted by 
Hassan[4], it will be discussed later after accumulating 
experimental data enough. 
 
4.2 Velocity analysis according to distance from pebble surface 
 
For five lines of a - e as shown in Figure 4, the velocity 
distributions are plotted in Figure 6 according to the lines from 
pebble surface to center of space. In Figure 6, velocity increases 3 Copyright © 2008 by ASME 
: http://www.asme.org/about-asme/terms-of-use
    
Downlofrom pebble surface to the 5~10mm region and decreases after 
15~20mm region.  Except c, base on 12mm from the surface, 
the velocity near pebble surface is faster than near center and 
this is caused by FCC stack geometry. As shown in Figure 2(b), 
all the flow space is covered with top and bottom pebbles in 
FCC structure. Flow comes from upper corners and flows out to 
lower corners. It makes the center velocity slow. In the 
simulation result of Hassan[4], the Body-Centered Cubic(BCC) 
structure has space where the flow can run through directly and 
the velocity vector field shows the velocity at center of space is 
faster than the side of the center. This is not about the velocity 
magnitude but the different flow tendency between the FCC and 
BCC. If both pressure drops for FCC and BCC structure are 
same then FCC structure is more efficient to cooling pebbles, 
but we can know that those pressure drops are not the same by 
intuition. Still now, we do not have the experiment result of 
BCC. Therefore, additional study of which stack structure is 
more efficient in same pressure condition is needed.  
 
    
              (a)                            (b) 
     
              (c)                            (d) 
 
                             (e) 
Fig. 6 Velocity distribution from pebble surface to center 




In the present study, direct measurement of the coolant 
velocity in the pebble bed reactor is done by using the PIV. The  
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designed in the FCC way. Due to the limitation of the particle 
image capture, the present system was scaled up. These three 
features are different from the existing experiments with scaled 
down, the liquid media, and arbitrary packing. 
In the present study, we do experiment with the half of the 
design velocity or the 50% power of the HTGR to get more 
clear images but it gave us insight to understand the nature of 
the velocity field in such a complicated flow channel.  It was 
found that near the pebble surface, there are stagnation regions 
at top and bottom of the pebble and average velocity at bottom 
surface is shown to be the lowest. And, also, we found that the 
contact point makes the back flow and slow region. These 
informations about velocity field let us predict the high 
temperature region, and compare the real motion of flow with 
many simulation results from other researchers. At least the 
present data will be useful for the evaluation of the conventional 
CFD code in the adiabatic condition to know the best grid 
structure and turbulent model.   
Future works will be continued to get the complete thermal 
hydraulics data including the flow velocity, pressure, and 
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